The correlates of species richness and conservation status of South American rodents were studied by analyzing the ranges of 791 species (belonging to 159 genera and 16 families). The distribution data (size of each species ' range in km 2 ) and the relative quantity of each macrohabitat type (in km 2 ) were obtained from the Global Mammal Assessment data bank of the International Union for Conservation of Nature (IUCN), and the Global Land Cover 2000, respectively. We excluded mainly island species from analyses but included those species that occur on both islands and the mainland. Habitats were grouped according to seven categories (shrubland, forest, grassland, savannah, wetlands, desert, and artificial). Mean range sizes varied significantly among families, with members of the family Cuniculidae having larger ranges than the species belonging to the rest of the families. Mean range size did not differ significantly between endemic and non-endemic taxa. There was a significant positive relation between total species richness and the availability of habitat types. Specialized species (i.e., those linked to a single habitat type) were found especially in forests, but shrublands and grasslands were also important. IUCN threatened species were distributed in a scattered way, and essentially in forests, grasslands, and shrublands. No region of the Neotropics housed more than two to three threatened taxa, apart from a spot in north-central Peru with five species. The richness of IUCN threatened species was higher in the montane forest ecosystems of the Andes, north-central Peru, than in other areas of South America. There was a mismatch between the hotspot maps for threatened and endemic species. The conservation implications of these patterns are discussed.
Introduction
Macroecological spatial diversity patterns are among the most intriguing issues in modern ecology and biogeography theories (e.g., Lennon et al. 2001 , Koleff et al. 2003a ). Hence, ecologists have spent considerable effort in distinguishing between different components of species diversity, including alpha or local diversity ( α ), beta diversity or differentiation ( β ), and gamma or regional diversity ( γ ) (e.g., Lennon et al. 2001 , Koleff et al. 2003a . The various components of species diversity have both biogeographic and ecological underpinnings, with the biogeographic aspects explaining taxonomic distinctiveness and/or endemism rates and ecological aspects explaining the reasons behind counts of the number of species in a given geographic area. It is well demonstrated that areas rich in endemics are often also species rich, although patterns in species richness and endemism are not always positively related (Ceballos and Brown 1995 ) .
Several ecological and evolutionary hypotheses have been formulated during the last 200 years to explain geographic patterns in richness, with many hypotheses being conjectural or untestable. As a consequence, there is an increasing effort to reduce the number of hypotheses into a minimum set of testable and plausible ones (see Jetz and Rahbek 2001 , Mittelbach et al. 2007 , Terribile and DinizFilho 2009 . Obviously, many factors may affect a species ' geographic distribution (Whittaker et al. 2001 , Anderson et al. 2002a , Hawkins et al. 2003a , and the extent of the main habitats suitable for a given species may play a considerable role in determining the extent of its geographic range (e.g., Anderson et al. 2002b , Hawkins et al. 2003a ,b , Willig et al. 2003 , Hawkins 2004 ).
Rodents are the most important group of mammals in terms of the number of species (Wilson and Reeder 2005 ) , and they are widespread and very speciose in the Neotropics (Patterson 2000 ) . A number of studies have examined the determinants of the species distribution of some select groups of South American rodents (e.g., Arita et al. 1997 , Patterson 2000 , Anderson et al. 2002a ,b , Anderson and Martinez -Meyer 2004 , and there is also an all-taxon study on the environmental correlates of species richness in mammals of South America (Ruggiero and Kitzberger 2004 ) . Focusing on rodent species, we analyze in this article the geographic patterns of species richness and the richness of those species considered threatened by the International Union for Conservation of Nature (IUCN 2011 ) in South America and part of Central America also in relation to the various major habitat types ( = vegetation zones), and discuss the conservation implications of our results.
Materials and methods

Data sources
For this study, we included the Neotropical geographic region ( sensu Udvardy 1975 ) , including also central and northern Mexico but excluding the Caribbean islands and islets (Udvardy 1975 ; Figure 1 ). Northern Mexico, although not belonging to the Neotropical region, was included for practical reasons, as there is no clear demarcation between Neotropical and Nearctic Mexico in the distribution summaries of IUCN (2011) . The Caribbean islands were excluded because most of the rodents are endemic or extinct and their distributions have been grossly altered by human settlement, both Amerindian and European (Morgan and Woods 1986 , D á valos and Turvey 2012 ) . This would have greatly confounded the understanding of the main patterns relative to mainland South America. While we excluded strictly insular species from analyses, we nonetheless included those species that occur on both islands and the mainland.
Overall, we collated range-size data for 791 species belonging to 159 genera and 16 families (following the taxonomy adopted by IUCN 2011 ). Habitats were grouped according to seven categories, mapped using the GlobCover Land Cover v2 2008 database (2008): cultivated, forest, grassland, shrubland, artificial, and bare ( = open areas) (Figure 1 ). However, for the conservation analyses, we split one category (forest) into two subcategories (dry forest, simply named as ' forest ' and flooded forest, renamed as ' flooded ' ) in order to more deeply evaluate the relative importance of the different types of forest at the continental level. The total availability of the various habitat categories across the study region (in km 2 ) was obtained from the GlobCover database (Table 1 ) .
Distribution data for each species (size range in km 2 ) were obtained from the 2011 IUCN Red List (IUCN 2011 ). We removed from analyses those species that were not classified to defined habitat categories (i.e., unknown, other) in the original IUCN (2011) being described. Maps were generated using ArcGIS 10.0 (ESRI 2010 ).
Statistical analyses
All data were checked for normality and homoscedasticity before any tests. When data were normally distributed (either with or without log transformation), parametric tests were used. Otherwise, non-parametric tests were used (Zar 1984 ). Levene ' s test was used to test for the parametric distribution of variables (Zar 1984 ) . Differences in mean range size among rodent families were tested by one-way univariate analyses of variance (ANOVAs) followed by Tukey honest significance post hoc tests. Welch ANOVA design was used when variances were heterogeneous. To evaluate whether species occurring in multiple habitat types had larger ranges than more specialized species, we ran a Spearman ' s rank correlation with the range extent of each species as the dependent variable, and the number of habitat types of occurrence for that species as the independent variable. For this analysis, we defined as ' specialized ' those species that were restricted to a single habitat type.
It should be noted that geographic assignment of habitat associations may be imprecise, especially for habitat specialists living in diversified landscapes. For example, Abrocoma uspallata Braun and Mares, 2002 is thought to be a creosote specialist but was assigned to shrublands, savannahs, and flooded because all these habitats surround its known distribution. Detailed autecological studies are lacking for many of the species included in this analysis, so that the uniformity afforded by geographic land-cover assignments outweighs its imprecision.
Results
The list of species included in this study, with their distribution extent and IUCN (2011) category, is given in Appendix 1 . In terms of species richness, some main areas were identified ( Figure 2 ): (i) Andean Yungas, (ii) Western Amazonia, (iii) Guianan forests, and (iv) Atlantic forests.
The mean sizes of the total ranges (in km 2 ) varied significantly among families (one-way ANOVA: F 14,763 = 6.482, p < 0.000001) (Figure 3 ). Tukey HSD post hoc pairwise comparisons showed that members of the family Cuniculidae, particularly Cuniculus paca (Linnaeus 1766), had larger ranges than any other families, followed by Myocastoridae, Caviidae, Dasyproctidae, and Erethizontidae. Of the five above-mentioned families, only the Erethizontidae were not endemic to the Neotropical region. However, closer inspection of the data revealed that mean range size did not differ significantly between endemic and nonendemic taxa (one-way ANOVA: F 1789 = 0.005, p = 0.942).
There was a significant positive relation between total species richness and the availability of habitat types (r = 0.453, n = 7, p < 0.001). Overall, the number of habitats occupied was positively influenced by range size (Spearman ' s r = 0.243, n = 791, p < 0.0001). Species linked to a single habitat type were found more frequently in forests (n = 224 species) than in other habitat types, with shrublands coming second (n = 44) and grassland coming third (n = 7) (overall: χ 2 = 467.39, df = 3, p < 0.000001). Species occurring only in single habitat types differed significantly in mean range sizes (Welch ANOVA for unequal variances: F 3276 = 11.52, p < 0.001), with forest-only species having larger range sizes (x = 300,485.7 ± 895,144 km 2 , n = 224) than those living in shrublands (x = 168,535.5 ± 274,314 km 2 , n = 44), grasslands (x = 102,419.3 ± 133,993 km 2 , n = 7), and bare (x = 16,054.1 ± 19,575 km 2 , n = 4). The range size of species inhabiting a single habitat type was not influenced by the relative availability of their preferred habitat types in the region under study (Monte Carlo regression with r = -0.006, simulated variance = 0.0125, p (obs. ≤ exp.) = 0.422, p (obs. ≥ exp.) = 0.588).
IUCN threatened species were geographically scattered, with no area housing more than two to three taxa apart from an area in north-central Peru (Figure 4 ) . Hence, the distribution of threatened taxa appeared to be mainly parapatric in the studied region. The richness of IUCN threatened species was higher (n = 5) in the montane forest ecosystems of the Andes, north-central Peru, than in other areas of South America (Figure 4 ). There was an uneven distribution of the number of threatened species by habitat type (Monte Carlo χ 2 = 93.05, 1000 random iterations done; mean of simulated values = 13.76 ± 28.17, p < 0.000001). Overall, the forest, shrubland, and grassland habitat types housed the great majority of threatened taxa ( Figure 5 ), with forest being the principal habitat type. There was a significant relation between the area of each habitat type (in km 2 ) and the number of threatened species (Spearman ' s r s = 0.892, n = 6, p = 0.041).
Discussion
A principal result of this study is the identification and delimitation of three main richness areas for South American rodents: the western margins of the Amazon Basin, the Guianan Shield, and the Brazilian Shield. Each of these areas is associated with ancient geological formations that have persisted as dry land despite the formation of epicontinental seas as recently as the Miocene (Campbell 1990 , Hoorn 2006 , Kaandorp et al. 2006 , Velazco and Patterson 2008 . In addition, each is adjacent to mountain chains offering an array of neighboring habitats and potential colonists: the Andes (and proto-Andes before they reached their present heights; Orme 2007 ) in the case of the western Amazon, the tepuis in the case of the Guianan Shield, and the Serra do Mar and adjacent high plateau in the case of the Brazilian Shield. As a result, each lies adjacent to a diverse and distinctive center of mammalian endemism , forming a kind of biological ecotone. The western Amazon is populated mainly by lowland forest species (Amazonian region); however, its richness is enhanced by Andean versant species such as Sciurus ignitus (Gray 1867) and Neacomys spinosus (Thomas 1882) that extend far into the basin (IUCN 2011 ). Similarly, the Guianan Shield is populated by a diversity of Amazonian taxa with widespread distributions, coupled with an admixture of highland endemics that in many cases have Andean affinities (Lim 2012 ) . The Brazilian Shield harbors a diverse collection of Atlantic Forest and montane endemics (Costa et al. 2000 , Carmignotto et al. 2012 , but also includes the open and savannah formations of the Cerrado, South America ' s second most extensive biome (Eiten 1972 ) . Surprisingly, the Brazilian Atlantic forests do not harbor a remarkable diversity of threatened rodent taxa, in contrast with other vertebrate taxa (Fonseca 1985 , Brown and Brown 1992 , Chiarello 1999 . This is apparently due to the low overlap in the respective ranges of the threatened taxa (for instance, the genus Chaetomys ), which are in general characterized by very narrow ranges. Hence, the cumulative number of threatened taxa is high but their spatial overlap is low across this region. Low overlaps in the ranges of threatened taxa were also observed for the rest of the South American territory, thus resulting in a generally low richness of threatened taxa by region ( Figure 4) .
We also showed that shrublands, grasslands, and forests are in general the principal habitat types for South American rodents, and that the forest-specialist species tended to have wider ranges than those inhabiting only shrublands or grasslands. This evidence is in contrast with Rapoport ' s (1982) rule, which predicts smaller ranges at the equator where forests predominate. However, it should be stressed that the Rapoport ' s rule is a generally local phenomenon (Rohde 1996 ) , restricted to the Palaearctic and Nearctic above a latitude of approximately 40 -50 ° N, and cannot be applied to the tropics (but see Amori et al. 2009a ,b , Amori et al. 2010 for different conclusions on Sciuridae genera). We suggest that the relatively homogeneous structure of the Amazon forest may explain the large ranges of forest rodents in South America. Indeed, several studies pointed out that the Amazonia is ecologically so uniform that present-day ecological conditions are rather insignificant in determining species distribution patterns and speciation (Tuomisto and Ruokolainen 1997 ) . It is noteworthy that in another study, on the basis of entirely different methods, habitat heterogeneity was considered to be a main driver of species richness among South American mammals (Ruggiero and Kitzberger 2004 ) .
Our study also pointed out that habitat availability also positively influenced rodent species richness, thus being consistent with the general rules of speciesarea relations (e.g., Palmer and White 1994 , Hanski and Gyllenberg 1997 ) . Although our study provided evidence that shrublands and grasslands have considerable relevance, it is also evident that forests housed the great majority of threatened rodent species. Thus, it is clear that conservationists should focus their attention mainly on the forest habitat type, including of course the montane forests of the Andes. Nonetheless, focusing our conservation efforts to the habitat mosaics ' forest-grassland-shrubland ' may probably be very effective in accurately preserving most of the vulnerable rodent diversity of South America. In this regard, it would be mentioned, however, that the apparent prominence of threatened rodent diversity into forests could be also due to (i) the wider distribution of the forests relative to other habitat types, and (ii) the fact that the forest biomes have been until today more studied than the other biomes with shrub and open habitats, at least in South America. This latter hypothesis is, however, unlikely, given the very active mammalogy programs of Argentina and Chile. In addition, the patterns of species discovery (especially in the yungas of Peru and Ecuador) also argue otherwise (see Voss 2003 . Symbols for habitat types (column 6) are as follows: 1 = shrubland, 2 = forest, 3 = grassland, 4 = savannah, 5 = flooded, 6 = bare, 7 = cultivated/artificial. When multiple habitats are inhabited by a given species (for instance, shrubland + forest + grassland), the resulting symbol is 123. Each symbol is associated with a specific habitat code (column 6) used in the figures. (Appendix 1 continued) 
